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Virus infection-induced global protein synthesis
suppression is linked to assembly of stress granules
(SGs), cytosolic aggregates of stalled translation
preinitiation complexes. To study long-term stress
responses, we developed an imaging approach for
extended observation and analysis of SG dynamics
during persistent hepatitis C virus (HCV) infection.
In combination with type 1 interferon, HCV infection
induces highly dynamic assembly/disassembly of
cytoplasmic SGs, concomitant with phases of active
and stalled translation, delayed cell division, and pro-
longed cell survival. Double-stranded RNA (dsRNA),
independent of viral replication, is sufficient to trigger
these oscillations. Translation initiation factor eIF2a
phosphorylation by protein kinase R mediates SG
formation and translation arrest. This is antagonized
by the upregulation of GADD34, the regulatory
subunit of protein phosphatase 1 dephosphorylating
eIF2a. Stress response oscillation is a general mech-
anism to prevent long-lasting translation repression
and a conserved host cell reaction to multiple
RNA viruses, which HCV may exploit to establish
persistence.
INTRODUCTION
Cells respond to various forms of stress by a global reduction of
protein synthesis, which promotes cellular survival by limiting theCconsumption of energy and nutrients, and reallocating resources
to the repair of cellular damage. Translation suppression is
induced by the phosphorylation of the a subunit of eukaryotic
initiation factor-2 (eIF2a), which delivers initiator tRNAi
Met to
the small 40S ribosomal subunit (Holcik and Sonenberg, 2005).
eIF2a phosphorylation interferes with formation of the eIF2-
GTP-tRNAi
Met ternary complex and thereby causes stalling of
translation initiation. Among the four mammalian eIF2a kinases,
protein kinase R (PKR) responds to double-stranded (ds) RNA
in the cytoplasm and mediates translation inhibition upon repli-
cation of many RNA viruses (Garcı´a et al., 2007). Translation is
reactivated by dephosphorylation of eIF2a through protein
phosphatase 1 (PP1) and its regulatory subunit, growth arrest,
and DNA-damage-inducible 34 (GADD34), which couples the
catalytic subunit of PP1 to eIF2a (Connor et al., 2001). Moreover,
the editing enzyme adenosine deaminase acting on RNA 1
(ADAR1) is part of the interferon (IFN)-mediated antiviral
responses, and as a direct inhibitor of PKR participates in the
restoration of translation (Ge´linas et al., 2011).
Global reduction of protein synthesis is intimately linked to
assembly of stress granules (SGs), cytosolic aggregates of
stalled translation preinitiation complexes (Anderson and Keder-
sha, 2008). Hence, SGs contain polyadenylated mRNAs bound
to eIF4E, eIF4G, eIF3, and 40S, but not 60S ribosomal subunits.
Assembly of SGs is driven by aggregation-prone RNA-binding
proteins such as T cell internal antigen-1 (TIA-1), TIA-1-related
protein (TIAR), and Ras GTPase-activating protein-binding
protein 1 (G3BP1) (Anderson and Kedersha, 2008). SGs promote
cellular survival by sequestering components of apoptotic signal
transduction pathways (Arimoto et al., 2008; Kim et al., 2005).
By keeping preinitiation complexes assembled, SGs are also
thought to facilitate reactivation of translation when cells recover
from stressful conditions.ell Host & Microbe 12, 71–85, July 19, 2012 ª2012 Elsevier Inc. 71
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Figure 1. HCV Infection Induces SG Formation in IFN-a-Treated Human Hepatoma Cells
(A) Huh7 YFP-TIA1 cells (green) were infected with HCV for 24 hr and subsequently cultured with or without IFN-a. Characterization of HCV-induced SGs 18 hr
after addition of 100 IU/ml IFN-a. Cells were fixed and stained for NS5A (blue) and TIA-1 (red). Shown are representative confocal micrographs. Scale bars, 25mm.
See also Figure S1.
(B) Quantification of the kinetics of HCV-induced SGs. Cells were treated with 100 IU/ml IFN-a and fixed at given time points. NS5Awas detected by fluorescence
microscopy. Shown are mean values ± SD from three independent experiments with at least 100 cells analyzed each. Statistical significance is given on the top.
n.s., no statistical significance.
Cell Host & Microbe
Dynamics of Virus-Induced Stress Granules
72 Cell Host & Microbe 12, 71–85, July 19, 2012 ª2012 Elsevier Inc.
Cell Host & Microbe
Dynamics of Virus-Induced Stress GranulesSGs are dynamically linked to processing-bodies (PBs),
cytoplasmic sites at which most enzymes of the general RNA
decay machinery are concentrated (Eulalio et al., 2007; Kulkarni
et al., 2010). PBs can also function as storage sites of stalled
mRNAs that resume translation upon exit from PBs. Given that
viruses interfere with the cellular gene and protein expression
machinery, it is not surprising that many viruses were found to
interact in different ways with both SGs and PBs (Beckham
and Parker, 2008). For instance, infection with reoviruses causes
SG formation, which is linked to eIF2a phosphorylation as
requirement for viral replication (Smith et al., 2006). Early in infec-
tion, Semliki Forest virus causes a transient induction of SGs,
whereas SGs are suppressed at later stages of infection (McIner-
ney et al., 2005). The same is true for poliovirus, where the viral
protease 3C was found to cleave G3BP1, a protein essential
for SG formation (White et al., 2007). While these viruses cause
acute lytic infections that eventually lead to cell death, it is
unclear how chronic infections such as those caused by hepatitis
C virus (HCV), a major causative agent of chronic liver diseases,
modulate cellular stress responses to allow long-term viral repli-
cation and cell survival.
By using chronic HCV infection of Huh7 liver cells as a model
system to study long-term virus-induced stress response, we
discovered that HCV-infected cells oscillate between active
and repressed phases of RNA translation. These phases are
marked by the presence of SGs, triggered by dsRNA and
controlled by the antagonistic actions of PKR and GADD34.
RESULTS
HCV- and IFN-a-Dependent Induction of SGs and PB
Association
To visualize the cellular stress response induced by HCV, we es-
tablished a reporter cell line derived fromHuh7 human hepatoma
cells that stably express the SG marker TIA-1 fused to yellow
fluorescent protein (YFP). YFP-TIA1 was validated as bona fide
SG marker by colocalization with endogenous SG markers
upon exposure to various stress stimuli (Figures S1A and S1B).
Importantly, HCV infection and replication in YFP-TIA1 express-
ing Huh7 cells was indistinguishable from that observed in
parental Huh7 cells although production of infectious progeny
was reduced at late time points (Figure S1C).
Huh7 cells have an impaired innate antiviral response (Keski-
nen et al., 1999), which might contribute to SG formation. Since
they fail to produce IFN-a in response to virus infection, we
decided to add 100 IU/ml IFN-a exogenously, which is a range
comparable to the one found in serum of IFN-a treated patients
(Vrolijk et al., 2003). Formation of SGswas not observed inmock-
infected cells treated for 18 hr with IFN-a (Figure 1A). HCV
infection gave rise to a low percentage of SGs in infected cells
(Figure 1B). However, the combination of HCV infection and
IFN-a treatment triggered a potent stress response indicated
by the pronounced formation of SGs. They emerged 8 hr after(C) Quantification of HCV-induced SGs upon treatment with increasing concentr
(D) Quantification of PB docking to HCV-induced SGs in IFN-a treated cells and co
was detected by confocal microscopy. Shown are maximum-intensity Z-projecti
3D surface rendering (column ‘‘3D’’). Red and yellow dots indicate PB docking to t
SGs is shown s in the right of each panel. Number of cells and SGs analyzed are
Caddition of IFN-a and were detectable 4 hr later in 30%–40%
of HCV-infected cells (Figure 1B). Induction of SGs upon HCV
infection depended on the dose of IFN-a and was observed in
nearly half of HCV-infected cells that were treated with 200
IU/ml IFN-a (Figure 1C). HCV-induced SGs were characterized
by the presence of several endogenous SG markers—TIA-1,
eIF3B, eIF4G, G3BP1, Hu protein R (HuR), poly(rC)-binding
protein 2 (PCBP2)—and also contained cellular mRNAs (Fig-
ure 1A and data not shown). Interestingly, SGs also contained
the IFN-induced human ds RNA-specific adenosine deaminase
(ADAR1), a primarily nuclear protein eventually involved in HCV
RNA editing (Taylor et al., 2005) (data not shown). However,
SGs did not contain HCV proteins to a detectable level
(Figure S1D).
SGs display dynamic interactions with PBs including the use
of common protein components such as Xrn1 (Kedersha et al.,
2005). To quantify potential association of PBs with SGs we
developed an image-based analysis tool. As illustrated by the
specific PB marker Hedls, an enhancer of mRNA decapping
(Fenger-Grøn et al., 2005), we observed frequent colocalization
of PBs and SGs after HCV infection and IFN-a treatment. Quan-
tification showed that in comparison to other stress conditions,
HCV infection combined with IFN-a resulted in enlarged SGs
to which significantly more PBs were ‘‘docked’’ (Figures 1D
and S2A). Extending the duration of ER stress or heat-shock
treatment also resulted in SG enlargement concomitant with
a higher number of associated PBs, but SG size never reached
that observed upon HCV infection (Figures S2B and S2C). These
results revealed that in combination with IFN-a treatment, cells
mount a potent stress response to HCV infection, characterized
by the formation of enlarged SGs and correlating with an
increased number of associated PBs.
Role of SG Components in Controlling HCV Replication
We next determined whether individual SG components are
responsible for the antiviral effect exerted by IFN-a. For this we
used an RNAi-based screening assay in which we measured
the extent of restoration of HCV replication in IFN-a treated cells
upon knockdown of a given SG- or PB-related gene (Figure 2A).
In addition, the analogous experimental set-up, but without
IFN-a treatment of infected cells, was used to identify SG- and
PB-related genes promoting or restricting HCV replication.
Selected target genes were earlier reported to be involved in
SG formation such as G3BP1, TIA-1, and TIAR, as well as
HuR, a protein that promotes mRNA stability. We also included
PB-resident proteins such as Caf1a, Caf1b, CNOT1, GW182,
Lsm1, Lsm4, Pat1b, and Upf1. Finally, we included factors
residing both in SGs and PBs such as Xrn1, CPEB1, Rck,
Ago2, and PCBP2. The latter facilitates IRES-mediated RNA
translation and enhances the antiviral effect of IFN-a against
HCV (Xin et al., 2011). For each of these genes, cell viability
and silencing efficiency were determined (Figures S3A and
S3B). Knockdown of each individual gene had no effect on SGations of IFN-a. Cells were analyzed as described in (B).
mparison to SGs induced by the indicated stresses. The PBmarker Hedls (red)
ons of representative cells. Deconvolved optical sections were analyzed using
he front or the back side of SGs, respectively. A quantification of PB docking to
given in the top. See also Figure S2.
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Figure 2. SG Components Promote HCV
Replication but Are Dispensable for IFN-
a-Mediated Suppression of HCV
(A) Schematic of the RNAi-based screen set-up
to measure rescue of HCV replication in IFN-a
treated cells upon knockdown of a given SG- or
PB-related gene.
(B and C) Results of RNAi screen. A STAT2-
specific siRNA (green box) and a nontargeting
siRNA (NT; red box) were included as positive and
negative control, respectively. Red and green
dashed lines correspond to Z-score = 0 as deter-
mined by NT siRNA and to Z-score ± 2, respec-
tively. (B) Boxplots of quantile raw values of HCV
replication in absence of IFN-a normalized to cells
transfected with NT siRNA. siRNAs leading to an
efficient knockdown (Z-score > 2) and a significant
change of HCV replication (p value < 0.05) are
highlighted with blue boxes. These genes were
excluded from the calculation shown in panel (C).
(C) Boxplots of quantile ratios between HCV repli-
cation in IFN-a treated and untreated cells (mock).
Only knockdowns giving rise to a p value < 0.05
and a Z-score > 2 in both calculations (raw values
and ratios) were considered as hit candidates. In
case ofCNOT1 andRck1, twodependency factors
(see B), knockdown and IFN-a treatment reduced
replication to nonmeasurable levels and therefore,
values could not be determined (n.a., not appli-
cable). See also Figure S3.
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Dynamics of Virus-Induced Stress Granulesnumber and morphology (Figures S3C and S3D), arguing that
aggregation properties of unaffected SG components might still
be sufficient to allow SG formation. Nevertheless, in the absence
of IFN-a G3BP1, TIAR, Lsm1, and Xrn1 were found to limit HCV
replication, whereas CNOT1 and Rck1 promoted viral replication
(hit selection criteria: Z score > 2; p value < 0.05) (Figure 2B).74 Cell Host & Microbe 12, 71–85, July 19, 2012 ª2012 Elsevier Inc.When SG formation was induced by
treatment of HCV-infected cells with
IFN-a, we identified the PB components
Lsm1 and 4 as repressors of HCV replica-
tion (Figure 2C). Likewise, PCBP2 was
also found to suppress HCV replication,
supporting the notion that PCBP2 facili-
tates the antiviral activity of IFN-a against
HCV. Although we cannot exclude that
we missed PB and SG components due
to limited knockdown efficiency, our
results reveal that SG components
G3BP1 and TIAR restrict HCV replication.
The fact that with the exception of PCBP2
no SG component was identified with
IFN-a treated cells suggests that SG
components do not directly contribute
to the antiviral activity of IFN-a.
HCV-Induced SGs Oscillate
Having identified several SG proteins as
modulators of viral replication on one
hand, but SG formation in only 40% of
cells infected with HCV and treated withIFN-a on the other hand, we wondered whether SGs are formed
in only a fraction of cells in general or whether this reflects
steady-state. Therefore we established a long-term live-cell
imaging analysis in which one Z-stack was acquired every
hour over a period of 72 hr after HCV infection and subsequent
treatment with IFN-a (Figure 3A). Huh7 YFP-TIA1 cells were
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Dynamics of Virus-Induced Stress Granulesinfected with HCVTCP (Steinmann et al., 2008), a trans-comple-
mented virus encoding a fully functional NS5A-mCherry fusion
protein (Figures S4A and S4B), which allowed for the simulta-
neous visualization of HCV-infected cells and SG formation (Fig-
ure 3B). To our surprise, time-lapse analysis revealed a
pronounced oscillation of SGs induced by HCV upon IFN-a
treatment. As exemplified in the 23 hr time course shown in Fig-
ure 3C, SGs frequently disappeared and reappeared in individual
cells. These oscillations continued throughout the 72 hr observa-
tion period and displayed a cell-specific rhythm rather than
a synchronized pattern (Figure 3D). Importantly, 97% of
HCV-infected and IFN-a treated cells displayed SGs at least
once during the 72 hr observation period (Figures 3E and 3F),
demonstrating that steady-state quantification strongly under-
estimates cellular stress response (Movie S1). In the absence
of IFN-a, SG oscillation was also observed but only in 40%
of HCV-infected cells and with a much lower frequency (Figures
3E, 3F, and 3G; Movie S2). In fact, IFN-a increased oscillation
frequency 7-fold as compared to nontreated cells (2.2 ± 0.09
versus 0.3 ± 0.05, respectively; Figure 3E), concomitant with
a reducedmean duration of stress peaks (i.e., oscillation interval;
Figure 3F). Neither oscillation frequency of SGs nor total stress
duration correlated with the expression level of NS5A-mCherry
and, thus, with the degree of viral RNA replication (Figures S4C
and S4D). Therefore, the extent of virus replication did not deter-
mine the frequency at which SGs are assembled and disas-
sembled. Since SG oscillations were not observed for other
stress conditions such as ER and metabolic stress (data not
shown) we concluded that SG oscillation might be a specific
feature inherent to viral infections.
HCV-Induced SG Formation Coincides with Reduced
Cell Division and Translation Arrest
To gain further insight into the cell-specific regulation of SG
oscillation, we analyzed SG formation in the two sister cells
arising after division of a mother cell. In noninfected cells and
irrespective of IFN-a treatment, SGs were observed in less
than 1% of cells, and cell divisions were found to be synchro-
nized in all sister cells (Figure 4A) with a majority of cells under-
going 2 to 3 divisions during the 72 hr observation period (Fig-
ure 4C, upper left panel). Cell division synchrony was disturbed
upon HCV infection as the emergence of SGs in individual cells
coincided with a lack of cell division in 80% of infected cells
or a significant delay in 20% of cells (Figures 4B and 4C,
upper right panel). In the absence of IFN-a, 65% of HCV-in-
fected cells showing SGs did not divide (Figure 4C, lower right
panel). In contrast, HCV-infected cells that did not display SGs
during the 72 hr observation period divided more rapidly with
the majority of cells giving rise to at least one generation (Fig-
ure 4C, lower left panel). In any case, cell division occurred
earliest 10 hr (average 19 hr ± 9) after disassembly of SGs
arguing for a ‘‘recovery phase’’ from stress that is required prior
to cell division. Moreover, sister cells adopted an individual SG
oscillation pattern immediately after division of the mother cell
(Figure 4D).
In search for a potential mechanism coupling cellular stress
(i.e., SG formation) to cell division, we compared translation
activity in cells with and without SGs. De novo protein
synthesis was visualized in individual cells by metabolic incor-Cporation of a modified amino acid (L-azidohomoalanine, AHA)
for 2 hr. After cell fixation, incorporated AHA was coupled to
Alexa Fluor 594 (AHA-594). As a control, cells were treated
with the translation inhibitor cycloheximide, which completely
blocked AHA-594 staining (Figure 4E, left panel). In HCV-in-
fected cells treated with IFN-a, robust translational activity
was observed in cells lacking SGs. In sharp contrast, de
novo protein synthesis was absent or massively reduced in
cells that displayed SGs (Figure 4E, cells 1 and 2; quantifica-
tion in the right panel). HCV infection in combination with
IFN-a thus led to cycles of translation arrest, concomitant
with SG formation, which likely delayed progression through
the cell cycle.
PKR IsNecessary andSufficient to InduceSGOscillation
Phosphorylation of eIF2a causes inhibition of translation initia-
tion and is an established hallmark of stress-induced arrest of
protein synthesis (Hershey, 1991). Since the eIF2a kinase PKR
is activated by dsRNA (Wu and Kaufman, 1997) and induced
by IFN-a (Meurs et al., 1990; Thomis et al., 1992), we next tested
the role of PKR in SG oscillation triggered by HCV and IFN-a.
While PKR protein expression was induced to similar levels
upon treatment with IFN-a in the absence and presence of
HCV, phospho-PKR and phospho-eIF2a levels showed that
PKR activation was much stronger in HCV-infected cells
(Figure 5A).
To test the role of PKR in HCV-induced SG formation we
employed siRNA-mediated gene silencing (Figure 5B). Of
note, suppression of PKR expression fully abrogated the
formation of SGs in HCV-infected cells treated with IFN-a (Fig-
ure 5C) without affecting viral replication (see NS5A levels in
Figure 5B). For the reciprocal experiment, a Huh7 YFP-TIA1
cell pool was generated that stably expresses PKR at levels
similar to those observed for endogenous PKR upon induction
with 100 IU/ml IFN-a (Figure 5D, upper panel). These PKR
overexpressing cells support HCV replication to a level compa-
rable to parental Huh7 YFP-TIA1 cells showing that PKR does
not antagonize HCV (Figure 5D, lower panel). While PKR over-
expression alone or in combination with IFN-a caused only
marginal SG formation in noninfected cells, HCV infection of
these cells triggered a massive induction of SGs already in
the absence of IFN-a (Figure 5E). In fact, PKR overexpression
triggered SG formation to a level comparable to that observed
in HCV-infected control cells treated with IFN-a. Combination
of IFN-a and PKR overexpression did not enhance SG forma-
tion further arguing for saturation. Time-lapse analysis revealed
that upon HCV infection 90% of PKR overexpressing cells
displayed SGs. Oscillation frequency was reduced as
compared to HCV-infected control cells treated with IFN-a (Fig-
ure 5F and Movie S3), concomitant with extended SG oscilla-
tion intervals (Figure 5G). These results suggested that the
stress response is less dynamic when PKR is expressed ectop-
ically, a conclusion that is reflected by the increased total
stress duration of infected cells (Figure 5H). In summary, these
results identify PKR as the central IFN-induced gene that is
necessary and sufficient for SG formation upon HCV infection.
Furthermore, the results confirm that PKR expression alone
and SG formation per se do not mediate the antiviral activity
of IFN-a.ell Host & Microbe 12, 71–85, July 19, 2012 ª2012 Elsevier Inc. 75
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Figure 3. SGs Induced in HCV-Infected Cells upon IFN-a Treatment Are Highly Dynamic
(A) Representation of the imaging procedure to visualize the dynamics of HCV-induced SGs. Movies were created from 3D time series by using maximum
intensity Z-projections (MIP) and acquired for 72 hr at 1 hr intervals. See also Figure S4.
(B) Representative MIP of the first acquisition time point (T0). White square represents a cropped section shown as example in (C). Scale bar, 50mm.
Cell Host & Microbe
Dynamics of Virus-Induced Stress Granules
76 Cell Host & Microbe 12, 71–85, July 19, 2012 ª2012 Elsevier Inc.
Cell Host & Microbe
Dynamics of Virus-Induced Stress GranulesGADD34 Controls SG Oscillation and Cellular Stress
Homeostasis
We next asked whether regulation of SG oscillation occurs at
the level of eIF2a. In addition to eIF2a kinases, the phosphory-
lation status of eIF2a is regulated by the antagonistic action of
protein phosphatase PP1 and its regulatory subunit GADD34
(Kojima et al., 2003). This phosphatase promotes recovery
from translational arrest in a feedback manner as both its tran-
scription and translation is activated in response to eIF2a phos-
phorylation (Novoa et al., 2003). We therefore speculated that
changes in GADD34 expression correlate with the observed
SG oscillation pattern. Due to the lack of a specific antibody
for detection of GADD34 in our Huh7 cells, we assessed its
expression at the mRNA level. Indeed, GADD34 mRNA levels
were significantly induced by HCV and IFN-a, while no signifi-
cant induction was observed by HCV infection alone (Figure 6A).
A kinetic analysis of GADD34 and PKR mRNA levels revealed
that both were rapidly induced following addition of IFN-a to
HCV-infected cells and remained high throughout the 72 hr
observation period (Figure 6B). Importantly, upon infection of
primary human hepatocytes with HCV, GADD34 was also
induced, which in this case was brought about by endogenous
IFN-b produced upon viral infection (Figure S5). Thus, IFN-
mediated induction of GADD34 is a general feature of
liver cells.
To determine the role of GADD34 in SG oscillation, we gener-
ated Huh7 cells stably overexpressing GADD34 (Figure 6C). In
these cells, SG formation upon HCV infection and IFN-a treat-
ment was significantly reduced despite normal levels of HCV
replication (Figures 6D and 6E). Consistently, treatment of
noninfected cells with Guanabenz, a recently described specific
inhibitor of GADD34 (Tsaytler et al., 2011), induced massive SG
formation in 90%of cells without causing cytotoxicity (Figures 6F
and 6G, respectively). Of note, SGs formed in noninfected cells in
response to Guanabenz did not disassemble and no SG oscilla-
tion was observed even though the treatment increased
GADD34 transcription (Figure 6H) and eIF2a phosphorylation
level (Figure 6I). Higher drug concentrations and longer durations
of treatment were cytotoxic, arguing that a strong nonoscillating
SG response might lead to cell death. This observation could
explain why our attempts to reduce expression of GADD34,
a gene essential for cell survival, by using GADD34-specific
RNAi strategies failed (data not shown). Moreover, Guanabenz
treatment of cells infected with HCV for 24 hr and subsequently
treated with IFN-a for 18 hr stopped SG oscillation and led to cell
death after 10 hr treatment (Movie S4). These results suggest
that cellular stress homeostasis is tightly controlled by a balance
between eIF2a kinase and phosphatase activities and that
induction of GADD34 is essential to prevent cell death.(C) Cropped section of a MIP of the YFP-TIA1 channel representing the first 23 hr
are labeled. The white arrow indicates phases of detectable SGs in cell 1*.
(D) Dynamics of SGs in HCV-infected cells treated with 100 IU/ml IFN-a. SG os
during the 72 hr observation period. Cell 1* and 2* correspond to the ones highli
(E and F) Scatter plots of SG oscillation frequency and interval from at least 100 ra
red are mean values ± SD. Statistical significance and the number of analyzed ce
stress peaks per 24 hr observation time. (F) SG oscillation interval corresponds to
total population showing SGs is given in the top (see also Figure S5).
(G) SG oscillation plots of two representative HCV-infected cells in absence of IF
CSG Oscillation Is Triggered by dsRNA and Is a General
Feature of RNA Virus Infection
To test if SG oscillation is a general response to infection with
RNA viruses, we analyzed whether positive-strand RNA
viruses with a 50 capped genome such as Semliki Forest virus
(SFV) and Dengue virus (DENV) as well as negative-strand
RNA viruses such as Sendai virus (SeV) and Newcastle
Disease virus (NDV) induce SGs similar to those observed
with HCV. We note that at variance to HCV, all these RNA
viruses are cytolytic. Moreover, since DENV, SeV, and NDV
impair the IFN response, for proper comparison all infections
were studied in the absence of IFN-a treatment (Randall and
Goodbourn, 2008). As expected (McInerney et al., 2005),
SFV induced relocalization of YFP-TIA1 from the nucleus to
the cytosol and formation of SGs soon after infection (Movie
S5). SG oscillation frequency was low and nonoscillating
SGs were detected before cell death (Figures 7A and 7B).
Likewise, DENV induced very few SGs, which oscillated at
low frequency before cell death (Figures 7A and 7B). In
contrast, SeV and NDV readily caused formation of SGs with
frequencies significantly higher than those detected with
HCV-infected cells in the absence of IFN-a (Figures 7A and
7B) and containing canonical SG markers (data not shown).
Moreover, we found that fusion of NDV-infected cells, which
is mediated by the viral F protein, caused rapid spread of non-
oscillating SGs throughout the syncytia, prior to cell death
(Movie S6). Except for DENV, which has been reported to
dissolve SGs (Emara and Brinton, 2007), the total stress dura-
tion in cells infected with all RNA viruses was significantly
higher as compared to HCV-infected cells in the absence of
IFN-a (Figure S6A).
Having found that SGs are induced upon infection with very
diverse RNA viruses, we next determined whether dsRNA per
se is sufficient to trigger SG oscillation. To this end we trans-
fected Huh7 YFP-TIA1 cells with high amounts of poly(I:C),
a synthetic analog of dsRNA. Poly(I:C) transfection induced
massive formation of oscillating SGs clearly detectable 6 hr
post transfection (Figure 7B) concomitant with reduced SGoscil-
lation intervals (Figure S6B). Notably, oscillating SGs were still
detectable 72 hr after poly(I:C) transfection, arguing for a high
intracellular stability of the synthetic RNA. Indeed, purified total
RNA extracted from cells at different time points after poly(I:C)
transfection was still capable to induce an IFN response as
determined with an ISG56 promoter assay (Binder et al., 2007)
(Figure S6C). Analogous to what we had observed upon virus
infection, the presence of poly(I:C)-induced SGs correlated
with delayed cell division (Movie S7) and a rapid and marked
increase of GADD34 mRNA levels (Figures S6D and S6E; Fig-
ure 6B for HCV).of time-lapse acquisition with 1 hr intervals. Two representative cells (1* and 2*)
cillation plots indicate presence or absence of SGs in individual infected cells
ghted in (C). See also Movie S1.
ndomly selected HCV-infected cells in presence or absence of IFN-a. Shown in
lls (n) are given in the top. (E) SG oscillation frequency is given as the number of
the mean stress peak duration in infected cells showing SGs. Percentage of the
N-a. See also Movie S2.
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Figure 4. SG Induction by HCV Coincides with Delayed Cell Division and Translational Arrest
(A and B) Cell division properties of naive or HCV-infected Huh7 YFP-TIA1 cells during the 72 hr observation period. ‘‘Mother cell’’ corresponds to the cell chosen
for analysis before its division. Sister cells result from a mother cell division and correspond to one generation. A randomly selected uninfected (A) and HCV-
infected (B) cell treated with IFN-a is shown. Black dots represent stress phases.
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Quantification of dying cells that displayed SGs during the 72 hr
observation period revealed that in the absence of IFN-a 55% of
HCV-infected cells with SGs (Figure 7C), but only 22% of HCV-
infected cells that did not form SGs died (data not shown),
arguing that SG formation contributes to cell death. This conclu-
sion was supported by results obtained with cells that had been
transfected with poly(I:C). In these cases, 75% of cells with
SGs died (Figure 7C). However, IFN-a treatment of HCV-infected
cells induced SG formation, concomitant with extended total
stress duration (Figure S7B), yet cell death was profoundly
reduced and affected only 18% of cells (Figure 7C). These
results suggest that via an IFN-mediated reduction of HCV repli-
cation cell survival is prolonged in spite of higher stress induction
(see Discussion).
In conclusion, we show that SG formation is a hallmark of
infections by RNA viruses. Our data suggest that SG formation
is regulated by a delicate balance between dsRNA promoting
PKR-mediated phosphorylation of eIF2a and its dephosphoryla-
tion by the antagonist GADD34. As a net result cells enter cycles
of translational activity and arrest, which critically determine cell
survival.
DISCUSSION
HCV infection is known to elicit multiple host cell responses,
including oxidative stress (Gonza´lez-Gallego et al., 2011), ER
stress (e.g., Li et al., 2009; Joyce et al., 2009; Benali-Furet
et al., 2005), and SG formation (Ariumi et al., 2011; Jones
et al., 2010). With the aim to study long-term stress responses
and their impact on host cell homeostasis, we developed an
imaging approach allowing determination of SG dynamics
during extended observation periods. This method revealed
the highly dynamic and stochastic nature of SG assembly and
disassembly and is thus superior to earlier studies relying on
static analyses (Souquere et al., 2009) or short-term time-lapse
microscopy (Fujimura et al., 2009; Nadezhdina et al., 2010).
Importantly, ourmethod avoids illumination-induced cytotoxicity
and allowed tracking of motile cells, which are frequent technical
limitations of long-term live-cell imaging (Schroeder, 2011). We
found that SGs in HCV-infected cells are associated with stalled
translation and delayed cell division. In the presence of a stress
trigger (such as dsRNA that is sensed by PKR) this process is
regulated in a highly dynamic fashion, resulting in rapid switches
of eIF2a phopshorylation states and thus, rapid cycles of
SG assembly and disassembly (Figure 7D). Phosphorylation of
eIF2a by PKR mediates SG formation and translational arrest.
This process is antagonized by the upregulation of the regulatory(C) Quantification of the generation number of Huh7 YFP-TIA1 cells. Shown is a co
panel) cells treated with IFN-a and untreated HCV-infected cells (lower left, cells
(D) SG oscillation plot of a representative IFN-a-treated HCV-infected mother ce
(E) Reduction of RNA translation in HCV-infected cells during SG periods. Left p
incubated 1 hr inmethionine-free medium in presence or absence of 200 mMcyclo
with Click-iT metabolic labeling reagent coupled to Alexa Fluor 594 (AHA-594, r
exemplary view fields are shown. ‘‘1’’: cell with SGs and a de novo protein synthesi
de novo protein synthesis. Right panel: scatter plot of de novo protein synthesis
unit (a.u.). ‘‘1’’ and ‘‘2’’ refer to cell populations specified above. Shown in red are
the top.
Csubunit GADD34 of PP1, which allows a rapid dephosphorylation
of eIF2a. This negative feedback loop regulation is reminiscent of
the mechanism of recovery from ER stress (Ma and Hendershot,
2003; Novoa et al., 2001). Consistent with its role as key regulator
of SG oscillation, GADD34 expression is rapidly induced upon
stress exposure, but protein amounts are tightly regulated owing
to the short half-life of GADD34 (Brush and Shenolikar, 2008;
Zhou et al., 2011). Importantly, our analyses reveal that basal
levels of GADD34 govern continuous eIF2a dephosphorylation
in the absence of exogenous stress and thus determine RNA
translation (Figure 7D). In this respect, GADD34 is a central
cytoprotective regulator of cellular homeostasis linked to cell
survival.
While low SG oscillation frequency was observed in HCV-in-
fected cells, addition of IFN-a dramatically increased SG
dynamics. RNA replication of HCV occurs in a membrane-wrap-
ped and nuclease-protected compartment (Quinkert et al.,
2005), which probably limits PKR accessibility and sensing of
viral dsRNA. This would also explain why HCV replication per
se does not interfere with the induction of SGs, e.g., by arsenite
treatment (data not shown). However, addition of IFN-a induces
PKR expression, thus increasing the likelihood to bind to dsRNA
and to trigger a stronger stress response.
Results obtained with poly(I:C) demonstrate that dsRNA alone
is sufficient to trigger an oscillating SG response that prevails as
long as dsRNA is present. Consistent with its role as IFN-induced
eIF2a kinase and dsRNA sensor, PKR was necessary and suffi-
cient for this stress response. Virus-induced PKR activation thus
antagonizes GADD34 to potently enhance eIF2a phosphoryla-
tion levels, suggesting that SG oscillation results from an HCV-
induced shift of the balance of the eIF2a phosphorylation status
(Figure 7D). While this model is in full agreement with earlier
reports, we cannot exclude that SG formation is induced by
a PKR- and eIF2a-independent pathway (White and Lloyd,
2012). However, irrespective of the pathway triggering SG
formation in HCV-infected cells treatedwith IFN-a, SG oscillation
avoids extended periods of translational shut off that otherwise
leads to cell death (Nakagawa et al., 2000). In contrast, these
recovery periods are not sufficient to ensure survival of cells in-
fected by lytic viruses that potently induce cell death by different
mechanisms.
Virus-induced formation of SGs has been described as an
antiviral host cell defense for viruses requiring cap-dependent
translation of their viral RNAs (Emara and Brinton, 2007). In
contrast, initiation of translation of the HCV RNA genome is regu-
lated by an IRES supporting protein synthesis under conditions
where cap-dependent translation is compromised. Consistent
with that our RNAi-based screen revealed no role for PKR ormparison between uninfected (upper left panel) and HCV-infected (upper right
without SGs, and lower right, cells with SGs).
ll that divides after a 16 hr observation period.
anel: Huh7 cells infected for 24 hr with HCV and treated 18 hr with IFN-a were
heximide (CHX). De novo synthesized proteins were labeled by incubating cells
ed). After fixation of cells, SGs were immunostained for eIF3B (green). Three
s level reduced to that of cells treatedwith CHX. ‘‘2’’: cells with SGs and residual
measured by mean fluorescence of AHA-594 intensity and shown as arbitrary
mean fluorescence intensities ± SD. The number of analyzed cells (n) is given in
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Figure 5. The eIF2a Kinase PKR Is Neces-
sary and Sufficient to Induce SG Formation
in HCV-Infected Huh7 Cells
(A) Western blot analysis of cells infected with HCV
for 24 hr (lane 2) or cells infected for 24 hr and
cultured for 18 hr in the presence (lane 4, 6) or
absence of IFN-a (lane 3, 5). Naive cells cultured
for 24 hr in parallel were used as reference (lane 1).
(B and C) Transient silencing of PKR in Huh7 YFP-
TIA1 cells. Cells were transfected without siRNA
(Mock), with nontargeting siRNA (siRNA NT) or
with PKR-specific siRNA (siRNA PKR). Twenty
four hours later cells were infected with HCV for
24 hr and treated or not with IFN-a for 18 hr. (B)
Western blot analysis. (C) Cells were fixed, stained
for NS5A, and analyzed. Shown are the mean
values ± SD from three independent experiments
with at least 100 cells analyzed each.
(D and E) Overexpression of PKR in Huh7 YFP-
TIA1 cells. (D) Upper panel: Western blot analysis
of Huh7 YFP-TIA1 control cells (Ctrl) treated or not
with 100 IU/ml IFN-a for 18 hr or Huh7 YFP-TIA1-
PKR cells. Lower panel: characterization of HCV
permissiveness of Huh7 YFP-TIA1-PKR cells.
Cells were infected with a HCV Renilla luciferase
reporter virus, lysed at different time points post-
infection and luciferase activity was measured.
HCV replication was normalized to the 4 hr values
to correct for transfection efficiency (RLU, relative
light units). (E) Quantification of HCV-induced SGs
in Huh7 YFP-TIA1-PKR cells. Cells were infected
with HCV for 24 hr and subsequently treated or not
with IFN-a for 18 hr. Cells were fixed, stained for
NS5A and analyzed. Shown are the mean values ±
SD from three independent experiments with at
least 100 cells analyzed each.
(F–H) Scatter plots of SG oscillation frequency,
interval, and total stress duration from randomly
selected HCV-infected Huh7 YFP-TIA1-PKR cells.
Shown in red are mean ± SD. Statistical signifi-
cance and the number of analyzed cells (n) are
given in the top. HCV results (gray symbols) are
shown as reference. (F) SG oscillation frequency in
HCV infected cells. (G) SG oscillation interval in
HCV-infected cells. Number of analyzed cells (n)
and corresponding percentage of the total pop-
ulation showing oscillating SGs are given in the
top. (H) Total stress duration (i.e., the ratio
between total stress time and the observation
period for an individual cell) in HCV-infected cells
is given in percent. See also Movie S3.
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Dynamics of Virus-Induced Stress GranulesSGs in IFN-mediated suppression of HCV replication. Neverthe-
less, despite its potent antiviral efficacy, even long-term treat-
ment of HCV-infected cells with IFN-a is not sufficient to clear
the virus (Bauhofer et al., 2012). Under conditions of IFN-sup-
pressed HCV replication—that were not reflected in our RNAi
screen—we observed that SG oscillation is associated with
prolonged cell survival, implying that the balance between host
cell stress response and virus replication facilitates HCV per-
sistence. These results suggest that HCV may exploit stress
response to establish persistence.80 Cell Host & Microbe 12, 71–85, July 19, 2012 ª2012 Elsevier Inc.Although SG formation is frequently triggered by viral infec-
tion, virus-specific differences in magnitude, dynamics and
outcome of the stress response exist (Beckham and Parker,
2008; Schu¨tz and Sarnow, 2007). For instance, unlike Poliovirus,
SFV, West Nile virus, and DENV infections cause transient
accumulation of SGs early during infection that disappear in
the course of the replication cycle owing to virus-mediated
blocks in SG formation (McInerney et al., 2005; White et al.,
2007; Mazroui et al., 2006; Emara and Brinton, 2007). However,
in these studies SGs were monitored only up to 8 hr after
A B
C D E
F
G H I
Figure 6. GADD34 Controls SG Formation and Cell Viability
(A) mRNA quantification of GADD34 in Huh7 cells infected with HCV for 24 hr and cultured for 18 hr with or without IFN-a. All values were normalized to GAPDH
mRNA levels. Results represent fold induction relative to uninfected cells. Shown are means of triplicate measurements ± SD of a representative experiment.
Statistical significance is given in the top. n.s., no statistical significance.
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Dynamics of Virus-Induced Stress Granulesinfection, at variance to our long-term live-cell imaging in which
we observed low-frequency SG oscillations in cells infected
with SFV or DENV. Since DENV recruits TIA-1 to the 30 end of
its RNA genome and thus might dissolve SGs (Emara and Brin-
ton, 2007), we also studied DENV-infected Huh7 cells stably ex-
pressing GFP-G3BP1 (data not shown). These studies con-
firmed the oscillation of SGs in DENV-infected cells, thus
excluding experimental artifacts due to the use of the TIA-1
marker.
In conclusion our study identified a highly dynamic oscillation
of the cellular stress response that is regulated by antagonistic
actions of the dsRNA sensor PKR and the phosphatase PP1
controlling eIF2a phosphorylation and, thus, the translation
state of the cell. This oscillation prolongs cell survival by
avoiding extended phases of translation shut-off. As exemplified
here with HCV, viruses may exploit this system to sustain
chronicity.
EXPERIMENTAL PROCEDURES
Infection and Induction of SGs
For HCV infection, 1 3 105 Huh7 or Huh7 YFP-TIA1 cells were seeded into
a 6-well plate. Cells were infected with HCV at a moi of 5 TCID50 per cell for
24 hr and subsequently treated or not with IFN-a (PBL Laboratories) as
described in the main text. For steady-state experiments, cells were treated
for 18 hr with 100 IU/ml IFN-a and harvested for further analysis or fixed for
immunostaining.
Stress Induction and Drug Treatment
Oxidative stress was induced by treating cells with 0.5 mM Na-Arsenite
(Sigma) contained in culture medium for 1 hr at 37C. Heat shock was induced
by incubating cells at 42C for 20 min or at 44C for 1 hr. Metabolic stress was
induced by incubation of cells with 10 mM carbonyl cyanide 4-(trifluorome-
thoxy)phenylhydrazone (FCCP) (Sigma) in glucose-free DMEM for 1 hr or
12 hr. ER stress was induced by incubation of cells with DMEM containing
10 mM Thapsigargin (Biotrends) for 1 hr at 37C. Guanabenz Acetate Salt
(Sigma) was used to inhibit GADD34. Live-imaging experiments were per-
formed by using 50 mM or 75 mM Guanabenz for 24 hr as specified in the
main text.
RNAi-Based Replication Rescue Screen
Gene silencing in Huh7 cells was achieved by two consecutive transfections.
Eight hours post silencing, cells were infected with the HCV Renilla reporter
virus for 24 hr and subsequently treated or not with 25 IU/ml IFN-a for 60 hr.
Five independent repetitions of the RNAi-based screen were performed.(B) mRNA quantification of PKR and GADD34 in Huh7 cells infected with HCV as g
were quantified relative to GAPDH mRNA levels. ISG56 mRNA served as contro
relative to uninfected cells. Shown are mean values ± SD from three independen
(C–E) Characterization of GADD34 overexpressing cells. (C) Quantification of GAD
mRNA levels. Results represented fold induction relative to Ctrl cells. Shown ar
Ectopic expression of GADD34 does not affect HCV replication. Cells were transfe
and 96 hr later and luciferase activities were determined (Relative Light Units, R
Movie S4). Cells were infected with HCV for 24 hr and subsequently treated or no
are the mean values ± SD from three independent experiments with at least 100
(F) Time-lapse series of Huh7 YFP-TIA1cells that were left untreated or treated wi
the drug are given in the top.
(G) Cytotoxicity of Guanabenz treatment. Huh7 YFP-TIA1 cells were treated with in
by measuring release of lactate dehydrogenase. Values were normalized to untr
(H) mRNA quantification of GADD34 in Huh7 YFP-TIA1 cells treated with 50 mM
amounts were determined relative to GAPDHmRNA levels. Results represent fold
of a representative experiment.
(I) Western blot analysis of Huh7 YFP-TIA1 cells treated for 4 hr with 75 mM Gua
82 Cell Host & Microbe 12, 71–85, July 19, 2012 ª2012 Elsevier Inc.Raw data were subjected to statistical analysis (see Supplemental Experi-
mental Procedures for details).
Long-Term Live-Cell Laser Confocal Imaging
Huh7 YFP-TIA1 cells were infected with HCVTCP for 24 hr. Cells were exten-
sively washed and incubated inmicroscopymedium containing 25mMHEPES
and 10% FCS. For IFN-a treatment, 100 IU/ml IFN-a were added to the
medium. Confocal time series of YFP-TIA1 and NS5A-mCherry acquisition
was started 6 hr after medium change and equilibration (see Supplemental
Experimental Procedures for details).
Metabolic Labeling of Proteins and Quantification of Fluorescence
Intensities
De novo synthesized proteins were quantified by using the Click-iT Protein Kit
(Molecular Probes, Life Technologies) and a protocol adapted from Dieterich
and colleagues (Dieterich et al., 2010). Cells were further stained for eIF3B
(Alexa Fluor 488). Fluorescence intensities were quantified by using the
ImageJ software package (see Supplemental Experimental Procedures for
details).
Statistical Analyses
Statistical analysis was performed by using the GraphPad Prism software
(GraphPad). Statistical significance was calculated by performing a two-tailed
Student’s t test (***, p < 0.0001; **, p < 0.001; *, p < 0.01).
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, seven movies, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article online at http://dx.doi.org/10.1016/j.chom.2012.05.013.
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Figure 7. SG Oscillations Are Triggered by dsRNA
(A) Oscillation plots of three representative Huh7 YFP-TIA1 cells infected with SFV, DENV, SeV, or NDV. Red cross, cell death.
(B) Scatter plots of SG oscillation frequencies; see also Figure S7 and Movies S5 for SFV; Figure S6 for NDV; and Figure S7 for poly(I:C). Analyses are based on
randomly selected Huh7 YFP-TIA1 cells infectedwith SFV, DENV, SeV, NDV, or transfectedwith 4 mg poly(I:C). Shown in red aremeans ± SD. Number of analyzed
cells (n) is given in the top. SG oscillation frequencies of HCV-infected cells with SGs are shown as reference.
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